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Abstract

The tomato AGC protein kinase Adi3 is a Ser/Thr kinase that functions as a negative regu-

lator of programmed cell death through cell death suppression (CDS) activity in the

nucleus. In this study, to understand the mechanism of Adi3 CDS, peptide microarrays

containing random Ser- and Thr-peptide phosphorylation substrates were used to screen

for downstream phosphorylation substrates. In the microarray phosphorylation assay, Adi3

showed promiscuous kinase activity more toward Ser-peptides compared to Thr-peptides,

and a preference for aromatic and cyclic amino acids on both Ser- and Thr-peptides was

seen. The 63 highest phosphorylated peptide sequences from the Ser-peptide microarray

were selected as queries for a BLAST search against the tomato proteome. As a result,

294 candidate nuclear Adi3 substrates were selected and categorized based on their func-

tions. Many of these proteins were classified as DNA/RNA polymerases or regulators

involved in transcription and translation events. The list of potential Adi3 substrates was

narrowed to eleven and four candidates were tested for phosphorylation by Adi3. Two of

these candidates, RNA polymerase II 2nd largest subunit (RPB2) and the pathogen

defense related transcription factor Pti5, were confirmed as Adi3 phosphorylation sub-

strates by in vitro kinase assays. Using a mutational approach two residues, Thr675 and

Thr676, were identified as Adi3 phosphorylation sites on RPB2. This study provides the

foundation for understanding Adi3 CDS mechanisms in the nucleus as well as other cellular

functions.

Introduction

Programmed cell death (PCD) is indispensable for appropriate cell growth, development, cell

homeostasis, and sculpting of organs or body parts for eukaryotes [1]. PCD events in prokary-

otic cells are required for adaptations to stressful environments such as nutrient deprivation

through formation of multicellular fruiting bodies and sporulation [2]. In mammalian systems,

protein kinase B (PKB, a.k.a. Akt), is a crucial negative regulator of PCD [3, 4]. PKB negatively

controls pro-apoptotic factors such as BAD and caspase-9 [5], while activating apoptosis
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inhibitors such as NF-κB and BCL-2 [6]. Moreover, PKB plays a role in host defense against

bacterial infections. PKB is preferentially expressed in neutrophils, which are early immuno-

logical effectors against invading pathogens, and PKB expression is down-regulated in

response to bacterial infection to stimulate neutrophil functions [7].

PKB belongs to the AGC family of protein kinases. AGC kinases are highly conserved

among eukaryotes and are one of the most well characterized families of protein kinases due to

their crucial roles in processes such as cell death, protein synthesis, gene transcription, cell

growth and division, and cytoskeletal remodeling [8–11]. AGC kinases share sequence similar-

ity in their catalytic domains with the foundational members of this family: cAMP-dependent

protein kinase 1 (PKA), cGMP-dependent protein kinase (PKG), and protein kinase C (PKC)

[12], hence the name AGC kinases.

In plants, although PCD is required for proper growth and development, one of the more

commonly studied PCD functions is the elimination of damaged and infected cells in response

to abiotic and biotic stresses [13–15]. In terms of biotic stresses, pathogens have developed vir-

ulence molecules called effectors, which are secreted into the plant cell to suppress the host

early immunity responses and PCD [16]. However, plants have developed resistance (R) pro-

teins to sense these pathogen-derived effectors. This perception induces the hypersensitive

response (HR) characterized in part by localized host PCD to prevent the successful coloniza-

tion and spread of pathogens [1, 17].

We have characterized a PKB-like negative regulator of PCD in tomato plants termed

AvrPto-dependent Pto-interacting protein 3 (Adi3) that controls PCD during the resistance

response of tomato to the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) [18–24].

As with PKB, Adi3 is a Ser/Thr protein kinase belonging to the AGC kinase family, and specifi-

cally belongs to the plant specific group VIII subfamily [18].

Adi3 acts as a negative regulator of PCD through its activity of cell death suppression

(CDS), and entry into the nucleus is required for its CDS activity [18, 23]. Recently, it was

shown that Adi3 traffics from the plasma membrane to the nucleus via retrograde transport

through the endomembrane system [23]. However, Adi3 is restricted to the endosomal

system in response to biotic stresses such as Pst and abiotic stresses such as heat and wound-

ing [23]. This regulation of Adi3 cellular localization prevents Adi3 from entering the

nucleus and eventually leads to a loss of Adi3 CDS and induction of PCD such as the HR

[23].

As described above, Adi3 has analogous functional properties to mammalian PKB as a neg-

ative regulator of PCD [3, 4, 18]. As with all AGC kinases, both Adi3 and PKB are regulated by

the upstream kinase 3-phosphoinositide-dependent protein kinase-1 (Pdk1) [18]. Further-

more, both protein kinases negatively regulate PCD through the control of MAPK signaling

cascades [18, 25]. Although many pro-apoptotic and anti-apoptotic substrates regulated by

PKB have been identified [4], only one Adi3 phosphorylation substrate has been identified

[20]. We have found that Galactose Metabolism 83 (Gal83), which is a β-subunit of the SnRK1

complex that regulates carbon metabolism and stress responses [26], is phosphorylated Adi3

[20]. Thus, the downstream signaling pathways for Adi3, especially identification of nuclear

substrates, are still not known.

Therefore, to understand Adi3 CDS regulation in the nucleus via phosphorylation events,

we have used Ser- or Thr-peptide microarrays to screen for putative nuclear substrates of

Adi3. The results show that Adi3 has promiscuous protein kinase activity toward a variety of

Ser- and Thr-peptides, and Adi3 may regulate diverse cellular functions beyond PCD through

nuclear phosphorylation events.
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Material and methods

Cloning, expression, and mutagenesis of recombinant proteins

To express Adi3, Gal83, and putative Adi3 substrates, cDNAs were cloned into the pMAL-c2x

vector (New England BioLabs) for an N-terminal maltose binding-protein (MBP) fusion pro-

tein as previously described [20]. The constructs were expressed in E. coli BL21 (DE3) and

purified using amylose resin (New England BioLabs) following the manufacturer’s instruc-

tions. Point mutants in Adi3, Gal83, and putative Adi3 substrates were generated by site-

directed mutagenesis (SDM) using Pfu Turbo DNA polymerase (Stratagene). SDM on domain

3 of RPB2 was performed using non-overlapping primer sets following the protocol from

Dominy and Andrews [27]. Once amplification products were generated with the non-over-

lapping primers, the products were phosphorylated and ligated to form a circular plasmid

using T4 Polynucleotide Kinase and T4 DNA ligase, respectively, (New England BioLabs)

prior to transformation into E. coli. All primers used in this study for cloning and SDM are

listed S1 Table.

In vitro kinase activity assay

In vitro kinase assays were carried out in a total final volume of 30 μL in a kinase buffer con-

taining 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM MgCl2, and 1 mM DTT. Reactions

including 1 μg of Adi3 and 3 μg of each substrate were started with the addition of 1 μCi of

[γ-32P]ATP (6,000 Ci/mmol, Perkin-Elmer) and non-radiolabeled ATP to a final concentra-

tion of 20 μM per reaction followed by incubation for 1 hour at RT. Reactions were terminated

by the addition of 10 μL 4X SDS-PAGE sample buffer and separated by 8% SDS-PAGE. The

proteins in the gels were visualized using GelCode Blue Stain Reagent (Thermo Fisher Scien-

tific), and gels were dried and exposed overnight to a phosphor screen. Visualization and

quantification of incorporated radioactivity were conducted using a phosphorimager

(Typhoon FLA7000, GE Healthcare Life Sciences) and quantification software (ImageQuant

TL, GE Healthcare Life Sciences).

The Adi3 kinase assays with Gal83 substrate (see S1A Fig) were initially done in our previ-

ous study [28]. These assays were repeated here because the kinase assay conditions in the cur-

rent study have changed since our previous study. In the previous study [28], 0.4 μg of Adi3,

2 μg of Gal83, and 0.25 μCi of [γ-32P]ATP were used and reactions were incubated for 30 min.

All of these amounts and the reaction time were increased in the current study as described

above. While there were differences in Gal83 absolute phosphorylation levels between the two

sets of data, the trends are the same: Adi3S212D/S539D showed the highest trans-phosphorylation

on Gal83 in both experiments.

Kinase activity assay on the microarray chip

Peptide phosphorylation microarray chips (JPT Peptide Technologies) with Ser and Thr

phosphorylation sites were used in this study. Kinase-active Adi3S212D/S539D was used to

phosphorylate peptides in these chips. To stimulate kinase activity, 20 μg of Adi3 was pre-

incubated in a total volume of 500 μL of kinase buffer containing 10 mM Tris-HCl, pH 7.5,

150 mM NaCl, 10 mM MgCl2, 1 mM DTT, 3 μM Na3VO4, and 20 μM non-radiolabeled ATP

for 30 min at RT. In this step, non-radiolabeled ATP was supplied to stimulate and saturate

Adi3 autophosphorylation activity. To activate Adi3-mediated trans-phosphorylation of pep-

tides on the microarray chip, 50 μCi of [γ-32P]ATP (6,000 Ci/mmol, Perkin-Elmer) was

added to the previous 500 μL kinase reaction to give a final volume of 505 μL, which was
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incubated with the microarray chip for 3 hours at RT. The microarray chips were washed 5

times with 0.1 M phosphoric acid to stop the reaction and remove excess unincorporated

[γ-32P]ATP. Finally, the chips were washed with methanol and completely dried under nitro-

gen gas. Confirmation of incorporated radioactivity was performed by exposing the microar-

ray chip to a phosphor screen for 24 hours and imaging with a phosphorimager as described

above. A total of five Ser-peptide chips and four Thr-peptide chips were phosphorylated for

use in this study. Four of these Ser-peptide chips were used to standardize phosphorylation

conditions and for the comparison of kinase activity between Adi3S539D and Adi3S212D/S539D.

One Ser-peptide chip was used for phosphorylation by Adi3S212D/S539D to identify peptide

sequences for identification of potential substrates and comparison to Thr-peptide chip phos-

phorylation. Of the four Thr-peptide chips phosphorylated by Adi3S212D/S539D, only the one

chip with the highest resolution and the lowest background noise was used to for comparison

to Ser-peptide chip phosphorylation.

Phosphorylated peptide chip image analysis and data evaluation

Analysis of the phosphorimage to identify phosphorylated peptides from the phosphorylated

peptide chip microarray was conducted by JPT Peptide Technologies. The microarray image

was analyzed using spot-recognition software, GenePix Pro (Molecular Devices), to identify

signal intensity (relative units, RU) which revealed similar patterns of activity in the three sub-

array regions. A grid file including information of peptide location was overlaid on the micro-

array phosphorimage to identify peptides phosphorylated by Adi3. To distinguish real signals

from background noise the mean signal intensities were analyzed by kernel density estimates

[29]. An arbitrary threshold was fixed as being two times the standard deviation above the

maximum of density distribution. See results section for more details about setting the thresh-

old limit.

Identification of amino acid preferences in Adi3 phosphorylated peptides

In order to determine amino acid preference in peptides phosphorylated by Adi3, the

sequences from the top 63 peptides showing the highest mean signal intensity in the first and

second subarray images of the phosphorylated Ser-peptide chip were used. To analyze the

amino acid composition of the top 63 peptides, the percentage of a single amino acid within

the 63 peptide sequences was compared to the percentage of the respective amino acid in the

whole peptide library. Additionally, to determine position-dependent amino acid preference

within the top 63 peptides, the frequency of each amino acid at a given position was counted

and divided by the total count of the respective amino acid. This was done for the composition

of the top 63 peptides and for all peptides present in the library. Finally, the position-depen-

dent value for all peptides was subtracted from the value for the top 63 peptides. To determine

amino acid positional frequencies within the phosphorylated peptides, sequence logos of the

top 10, 20, 30, 40, 50, or 63 peptides on the Ser-peptide chip and top 10 peptides on the Thr-

peptide chip were generated using the WebLogo 3 server [30].

Bioinformatic analysis

The top 63 peptides phosphorylated by Adi3 were used for subsequent identification of poten-

tial substrate candidates. The amino acid sequences of these 63 peptides were used for a

BLASTP search against the tomato proteome in the NCBI database to identify potential

nuclear substrates for Adi3.
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Results

Peptide phosphorylation microarray chips

To screen for possible Adi3 nuclear phosphorylation substrates, Ser- and Thr-peptide microar-

ray chips were utilized. Each microarray chip consists of three identical subarray (SA) regions

(Fig 1A) and each SA contains 1,536 unique peptides spotted in 16 subsections (Fig 1B).

Within each subsection of the SA each peptide is spotted in triplicate (Fig 1C). Thus, each pep-

tide is represented in nine replicates across the whole chip. Each peptide is a random 13-mer

peptide containing a central Ser or Thr residue for phosphorylation (Fig 1D). The peptides are

immobilized onto the glass surface at the N-terminus (Fig 1D) via a linker of trioxatridecan-

succinamic acid (Ttds; Fig 1E). Cys is not present in the peptide library because of its suscepti-

bility towards oxidation.

Selection of Adi3S212D/S539D as the kinase for peptide microarray

phosphorylation

Our previous studies have shown that Adi3 is phosphorylated at Ser539 by Pdk1, the upstream

kinase for AGC family kinases [18]. This Pdk1-mediated phosphorylation event is responsible

for full CDS activity and nuclear entry of Adi3 [19]. We have also identified an additional

Pdk1-mediated phosphorylation site on Adi3, Ser212 [22]. Gal83, a β-subunit of the tomato

SnRK1 complex [26], is the only known substrate for Adi3 and is phosphorylated by Adi3 at

Ser26 [20]. This second Pdk1 phosphorylation on Adi3, Ser212, in addition to Ser539 is

required for its full kinase activity toward Gal83 [22].

Fig 1. Schematic layout of the peptide microarray chip. (A) The peptide chip consists of three identical subarrays.

(B) Each subarray has 1,536 peptides divided among 16 sections. (C) Each peptide is spotted in triplicate, and

collectively, each peptide is immobilized on the peptide chip in nine replicates. (D) Each 13 amino acid peptide

containing one Ser or Thr residue in the center position peptide is immobilized to the glass slide via a (E) Ttds-linker

at the N-terminus of immobilized peptide.

https://doi.org/10.1371/journal.pone.0234011.g001

PLOS ONE Adi3 peptide microarray substrate screening

PLOS ONE | https://doi.org/10.1371/journal.pone.0234011 June 2, 2020 5 / 20

https://doi.org/10.1371/journal.pone.0234011.g001
https://doi.org/10.1371/journal.pone.0234011


To confirm whether the double phosphomimetic mutant Adi3S212D/S539D could act as an

effective protein kinase to screen substrates on the peptide microarray, the in vitro phosphory-

lation activity of the phosphomimetic Adi3S212D/S539D on Gal83 was compared to wild-type

and two single Adi3 phosphomimetic mutants, Adi3S212D or Adi3S539D. The results of these in
vitro kinase assays show that Adi3S212D/S539D displayed a two-fold increase in phosphorylation

of Gal83 over wild-type, and was higher than both Adi3S212D or Adi3S539D (S1A Fig). To deter-

mine whether Adi3S212D/S539D also showed higher kinase activity toward peptides on the

microarray chip, Adi3S539D and Adi3S212D/S539D were incubated with a Ser-peptide chip in an

in vitro kinase assay. The results indicate Adi3S212D/S539D was able to phosphorylate the pep-

tides stronger as well as phosphorylate more and different peptides as compared to Adi3S539D

(S1B and S1C Fig). Thus, Adi3S212D/S539D was selected as the kinase to phosphorylate the pep-

tide microarray for subsequent use in identifying potential substrates.

Adi3 shows preference for Ser peptide phosphorylation on the peptide

microarray

The Adi3S212D/S539D protein was used to phosphorylate both Ser- and Thr-peptide microarray

chips to determine if there is a preference of Adi3 for Ser or Thr phosphorylation. For these

assays, Adi3S212D/S539D was incubated with the peptide chips and 32P-ATP for 3 hours followed

by imaging with a phosphorimager. Phosphorylation of the Ser-peptide chip showed consis-

tent phosphorylation across all three subarrays of the chip in terms of intensity and the pep-

tides phosphorylated (Fig 2A). The first subarray of the phosphorylated Ser-peptide chip

showed the clearest visualization of each phosphorylated peptide and had the lowest back-

ground (Fig 2B). Thus, this subarray was chosen for identification of the phosphorylated pep-

tide sequences and for a comparison to the phosphorylated Thr-peptide microarray.

Phosphorylation of the Thr-peptide chip also showed consistent phosphorylation between

each subarray of the chip (S1D Fig). One of the phosphorylated subarrays of the Thr-peptide

chip is shown in Fig 2C.

Following the analysis and comparison of the phosphorylated Ser- and Thr-peptide micro-

array chips several interesting results were obtained. For example, more peptides were phos-

phorylated on the Ser-peptide chip, 345, compared to the Thr-peptide chip, 127 (S2A and S2B

Fig), with 107 peptides shared between the two chips, 238 peptides phosphorylated only on the

Ser chip and 20 peptides only phosphorylated on the Thr chip (S2C Fig). On the Ser-peptide

chip, the peptides were ranked by phosphorylation level from high to low (see below for

details). Out of the top 20 of these peptides, 18 were also phosphorylated on the Thr-peptide

chip (S3A, S3B and S3C Fig). Out of all the peptides phosphorylated on the Thr-peptide chip,

only 10 peptides were not shared with the Ser-peptide chip (S3B and S3D Fig). These results

indicate that although Adi3 is a Ser/Thr protein kinase, it shows a higher Ser-specific kinase

activity over that of Thr phosphorylation activity. It should be noted that many of the peptides

phosphorylated on both chips contain additional Ser and/or Thr residues in addition to the

central Ser or Thr target (S3C and S3D Fig). Thus, for these peptides it is difficult to determine

which amino acid(s) is being phosphorylated.

The preference of Adi3 for Ser phosphorylation over Thr phosphorylation was supported

by analyzing the phosphorylation of the Adi3 substrate Gal83. As indicated above, Adi3 was

found to phosphorylate only Ser26 in Gal83 [20]. This residue was mutated to Thr, Gal83S26T,

and the ability of Adi3 to phosphorylate Gal83S26T in an in vitro kinase assay was tested. Inter-

estingly, Adi3 was not able to phosphorylate Gal83S26T (Fig 2D), again supporting a preference

for Ser phosphorylation for Adi3. For this reason, the phosphorylated peptides on the Ser-pep-

tide chip were chosen for identifying potential Adi3 substrates.
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Selection of the 63 peptides with the highest Adi3 phosphorylation level

By a naked-eye visual inspection, 345 of the 1,536 peptides (22.5%) on the Ser chip were phos-

phorylated (S2A Fig). Prior to using the sequence of these phosphorylated peptides to identify

potential Adi3 substrates, the phosphorylated peptides were ranked in order of strength of

phosphorylation, from high to low. To do this, the signal intensities of all 1,536 peptides in the

Ser-peptide chip in subarrays 1 and 2 were measured. Subarray 3 was not included in the anal-

ysis since the phosphorylation levels were relatively lower than subarrays 1 and 2 (Fig 2A).

Thus, a mean signal intensity value for each peptide was determined from the six replicates of

Fig 2. The Adi3 phosphorylated peptide chips and comparison of kinase activity of the Adi3S212D/S539D mutant on

Ser and Thr residues. (A) Phosphorimage of the whole Ser-peptide microarray chip. Numbers represent each

subarray region. Image shown is representative of 4 Ser-peptide chips phosphorylated by Adi3S212D/S539D. (B) and (C)

show one subarray region of Ser- and Thr-peptide microarray chips, respectively. (D) in vitro Adi3 phosphorylation of

Gal83 and Gal83S26T to analyze Adi3 kinase activity on both Ser and Thr residues. Adi3 was incubated with [γ-32P]

ATP in the absence (lane 1, 2) and presence of Gal83 (lane 3 to 5) or Gal83S26T mutant (lane 6 to 8). Top and bottom

panels indicate the phosphorimage and Coomassie stained gel, respectively.

https://doi.org/10.1371/journal.pone.0234011.g002
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each peptide in the analysis. The minimum mean signal intensity was 2,435 relative units (RU)

in the 1,536th peptide and a maximum of 7,853 RU was seen in the first peptide (S4A Fig, S1

Dataset). Most of the mean signals were distributed around 4,000 RU (S4A Fig). To further

gain confidence in real signals and distinguish them from background noise, which gives

detectable signal to non-phosphorylated peptides, a threshold was set by analyzing signal

intensities by kernel density estimates. The standard deviation (SD) of the mean signal inten-

sity values of all 1,536 peptides was calculated and the threshold was determined as two times

the SD above the maximum density distribution: 4,000 RU + (2 x SD value). This translates to

a threshold mean intensity of 5,384 RU (dotted vertical magenta line in S4A Fig), and signals

at or above that threshold can be considered originating from well-distinguishable Adi3 phos-

phorylation events. Of all the phosphorylated peptides, 63 peptides were above that threshold

(S4A Fig). The selected 63 peptides were mapped on the Ser-peptide microarray image (S4B

Fig) and their sequences are listed in S2 Table. All 1,536 peptides are listed in S1 Dataset and

are ranked by their mean signal intensities. After these first 63 peptides, it can be seen on the

phosphorimage that more peptides also showed recognizable signal intensities above the back-

ground (S4B Fig). Thus, the next 101 highest phosphorylated peptides (see S1 Dataset) were

also selected for possible use in identifying potential Adi3 substrates.

Analysis of sequence conservation among the top 63 peptides

phosphorylated by Adi3

In order to identify any possible conserved sequence motifs for Adi3 phosphorylation sites, the

sequence of the top 63 phosphorylated peptides was analyzed. First, the percentage of each

amino acid within the top 63 phosphorylated peptides was compared to the percentage of each

amino acid among all peptides present in the library revealing over- or under-representation

for each amino acid in the phosphorylated peptides. The most abundant amino acids are non-

polar amino acids containing an aromatic ring, Trp and Tyr (Fig 3A). The positively charged

amino acids Lys and Arg are under-represented among the top hits (Fig 3A). Interestingly,

cyclic amino acids are over-represented such as Phe, His, Pro, Trp, and Tyr (Fig 3A).

Next, to determine position-dependent amino acid preference, the frequency of each

amino acid at a given position within the 63 phosphorylated peptides was counted and that

position-relevant value was divided by the total count of the respective amino acid in all pep-

tides in the library to show over- or under-representation at each position. The results show

that amino acids with aromatic rings, Trp and Tyr, are over-represented at sites downstream

of the central Ser, especially at position +2, +3, and +5 (Fig 3B). Interestingly, Pro, which is an

over-represented amino acid in the position-independent analysis (Fig 3A), is also favorably

used after the central Ser at positions +1, +2, and +3 (Fig 3B). Since Adi3 phosphorylated

many peptides on the microarray chip an obvious consensus sequence for Adi3 phosphoryla-

tion was not seen from this analysis. To try and overcome this ambiguity, only the sequences

of the top 10 peptides were analyzed using the online sequence logo generator WebLogo [30]

to identify a potential Adi3 phosphorylation consensus sequence. From this analysis, a strong

consensus sequence is still not obvious (Fig 3C). However, it appears Adi3 may prefer amino

acids with cyclic structures (His, Tyr, Trp, Pro) and acidic amino acids (Asp and Glu) at posi-

tions both up- and down-stream of the central Ser residue (Fig 3C). This analysis was extended

by grouping the Adi3 phosphorylated peptides into the top 20, 30, 40, 50 and 63 peptides.

While cyclic and acidic amino acids are still prevalent there is no obvious consensus sequence

from this analysis (S5 Fig).

The same analysis was carried out for the top 10 peptides only phosphorylated on the Thr-

peptide microarray chip (S3B and S3D Fig). As with the Ser phosphorylation consensus
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Fig 3. Analysis of amino acid preferences in Adi3 phosphorylated peptides. (A) Distribution of amino acid

composition of the top 63 peptides comparted to entire peptide microarray library. Over- and under-representation of

amino acids results in a positive value and a negative value, respectively. (B) Stack-plots of position-dependent

deviations of frequencies for single amino acids. The height of the bars indicates the extent (in %) of over- or under-

represented individual amino acids in the top 63 peptides as compared to the composition of all peptides in the

microarray library. In C and D, amino acid positional probability consensus with top 10 phosphorylated peptides from

the (C) Ser- and (D) Thr-peptide microarrays using Sequence logo (WebLogo 3). The size of the amino acid code in

the sequence logo represents the frequency of that amino acid at a particular position.

https://doi.org/10.1371/journal.pone.0234011.g003
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sequence, there is no obvious conserved Thr phosphorylation consensus sequence for Adi3.

However, several Tyr residues downstream of the central Thr (+1, +2, +5, and +6 positions)

were significantly conserved, and two Trp residues upstream of the central Thr (-2 and -6 posi-

tions) appeared to be conserved (Fig 3D).

Identification of potential Adi3 nuclear substrates by BLAST search using

the top 63 phosphorylated peptides as queries

We performed BLAST searches of the tomato proteome using the top 63 phosphorylated pep-

tide sequences to identify putative nuclear substrates of Adi3. Each peptide sequence was used

as a query and tomato proteins with similar sequences were identified following the steps

shown in Fig 4A. Initially, the BLAST analysis identified 1,068 candidates from the top 63

peptides, and all identified proteins are listed in S1 Dataset. These candidates were selected

based on two criteria: 1) each candidate must have conserved at least one of the potential

Fig 4. Identification of potential Adi3 nuclear substrates. (A) Bioinformatics and experimental steps followed to

screen putative nuclear substrates for Adi3. (B) Categorization of 294 selected nuclear or nuclear event-related proteins

identified by BLAST using the top 63 Ser peptides phosphorylated by Adi3. (C) Information for the final 11 tomato

protein candidates as potential Adi3 substrates. See [31–33] for information on OX2.

https://doi.org/10.1371/journal.pone.0234011.g004
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phosphorylation sites in the peptide, i.e. the central Ser or additional Ser or Thr in the peptide

sequence that could also be phosphorylated; and 2) each candidate much have at least 5 amino

acids conserved from the phosphorylated peptide sequence. See S1 Dataset for details.

Next, these 1,068 candidates were further filtered down to 294 candidates by selecting pro-

teins with predicted nuclear localization and/or nuclear localized functions. These 294 candi-

dates were classified by functions (Fig 4B) and are listed in S2 Dataset. Most of the candidate

proteins were identified as transcriptional and translational regulators (Fig 4B). Other func-

tional categories included proteins involved in DNA or RNA polymerase complexes, candi-

dates associated with chromatin remodeling, nuclear transport, and ubiquitin-related

degradation (Fig 4B).

Finally, these 294 candidates were filtered to a list of ten potential candidates based on their

similarities to the phosphorylated peptide sequences and function as related to the interests of

our laboratory (Fig 4C). As mentioned above, the sequence of an additional 101 phosphory-

lated peptides past the top 63 phosphorylated peptides were also used in BLAST searches.

From this screen the 92nd peptide was found as a match to candidate 3 and the 139th peptide

was found to match candidate 2 (S4B Fig, S3 Table). An eleventh candidate, the pathogenesis

defense transcription factor Pto-interacting 5 (Pti5), was also selected (Fig 4C) based on simi-

larity to peptide 164 (S4B Fig, S3 Table).

Phosphorylation of RPB2 and Pti5 as potential nuclear substrates for Adi3

In order to determine whether any of the eleven identified tomato proteins are real substrates

for Adi3, we attempted to clone, express in E. coli, and purify all eleven candidates for testing

phosphorylation by Adi3 using in vitro kinase assays. However, five of the cDNAs, histone

demethylase, transcription elongation factor SPTS, RNA polymerase I specific transcription

initiation factor (RRN3), zinc finger CCCH domain-containing protein 19 (NERD), and zinc

finger CCCH domain protein oxidative stress 2 (OX2), were not able to be amplified by

RT-PCR (Fig 4C). The remaining six cDNAs were able to be isolated and cloned into the

pMAL-c2x vector for expression in E. coli as a maltose binding protein (MBP) fusion. Of these

six cDNAs, the 26S proteasome regulatory subunit 4 homolog A and apoptotic chromatin con-

densation inducer were not expressible in E. coli (Fig 4C), possibly due to protein solubility

issues. Finally, four cDNAs, RNA polymerase II 2nd largest subunit (RPB2), RNA polymerase

IV 2nd largest subunit (NRPD2), transcription initiation factor TFIID subunit 11, and Pti5 (Fig

4C), were expressed and purified from E. coli as MBP fusion proteins.

The full length NRPD2 protein did not express in E. coli. Thus, a subdomain of 357 amino

acids containing the two potential phosphorylated Ser residues (S6A Fig, S3 Table) was

expressed, purified, and tested for Adi3 phosphorylation. The results indicate that a protein

was phosphorylated in this assay, however, this protein was not at the expected size for the

NRPD2 subdomain (S6B Fig). The full length TFIID subunit 11 protein was expressible in E.

coli and an Adi3 kinase assay indicates it was not phosphorylated by Adi3 (S6C Fig). These

results suggest neither NRPD2 or TFIID subunit 11 are kinase substrates for Adi3 and they

were not studied further.

For RPB2, the protein was not able to be expressed as a full protein likely due to its large

molecular weight, 135.1 kDa plus 42 kDa for MBP to give a 177.1 kDa protein. Thus, RPB2

was divided into 4 domains of roughly equal molecular weight for separate production in E.

coli (S7A and S7B Fig). Initially, RPB2 was identified by the 48th and 62nd peptides in the Ser-

peptide microarray analysis (Fig 5A, S3 Table). Additionally, when the 139th peptide (S4B Fig,

S2 Table, S1 Dataset) was used as a BLAST query, it identified RPB2 as a candidate (Fig 5A, S3

Table). Therefore, the RPB2 domain 1 (D1), domain 2 (D2), and domain 3 (D3) contain
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potential phosphorylation sites identified by the 48th, 62nd, and 139th peptides, respectively

(S7B Fig). The RPB2 domain 4 (D4) was also analyzed for Adi3 phosphorylation even though

it did not contain a predicted Adi3 phosphorylation site from the peptide analysis. When these

four RPB2 domains were expressed in E. coli as MBP fusions, the D2 protein was not expressed

and was not further analyzed. The D1, D3, and D4 domains were expressed and purified as

MBP fusions, and only D1 and D3 were found to be phosphorylated by Adi3 in in vitro kinase

assays (Fig 5B, lanes 3, 5). Phosphorylation of a protein in the RPB2 D4 sample was seen,

Fig 5. Confirmation of Adi3-mediated phosphorylation events on RPB2 as a potential substrate for Adi3. (A)

BLAST results from the identification of RPB2 as a potential Adi3 substrate. RPB2 was identified by BLAST using the

48th, 62th, and 139th peptide as queries. In the peptide sequence column, Ser and Thr residues highlighted in red or

blue, respectively, indicate possible phosphorylation sites. Peptide # refers to the ranking of each indicated peptide

used for BLAST within the top 63 peptides and the 139th peptide phosphorylated by Adi3. In the BLAST results

column, numbers represent amino acid positions in the peptide or RPB2 protein. (B) in vitro kinase activity of Adi3

toward RPB2. Three μg of each RPB2 domain protein was incubated with 1 μCi of [γ-32P]ATP in the presence or

absence of 1 μg of Adi3S212D/S595D. Red arrows indicate the expected position of RPB2 domain proteins. Top and

bottom panels show the phosphorimage and Coomassie stained gel, respectively. Experiments were repeated three

times with similar results. (C) Adi3 phosphorylates Thr675 and Thr676 of RPB2 D3. The indicated RPB2 D3 Thr or

Ser residues were mutated to Ala individually or in combination and tested for Adi3-mediated phosphorylation using

in vitro kinase assays. The assay was conducted as described in B. Quantification of the auto- and trans-
phosphorylation activities of Adi3 were from three independent assays. Top and bottom panels indicate the

phosphorimage and Coomassie stained gel, respectively. Asterisks indicate significantly decreased (�) auto- and trans-
phosphorylation activity of Adi3 compared to RPB2 D3WT (Student’ t test, P< 0.05). Error bars represent standard

error.

https://doi.org/10.1371/journal.pone.0234011.g005
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however, this phosphorylated protein was not at the expected size of the D4 protein (Fig 5B,

lane 7). To analyze the possibility of RPB2 domain phosphorylation by contamination with

other kinases derived from E. coli, each RPB2 domain was incubated with 32P-ATP in the

absence of Adi3. This analysis showed that none of the RPB2 domain proteins were phosphor-

ylated (Fig 5B, lanes 2, 4, 6). These data confirm the ability of Adi3 to phosphorylate RPB2.

Adi3-mediated phosphorylation of Pti5 was also tested using in vitro kinase assays. As indi-

cated above, Pti5 was identified as a potential Adi3 substrate by using the 164th peptide in the

BLAST search (S8A Fig). Pti5 is a short protein of 161 amino acids and the predicted phos-

phorylation site is found at position 16 (S8B Fig). For the expression of Pti5 in E. coli as an

MBP fusion, the protein purified as a doublet of proteins (S8C Fig, bottom panel), and both of

these proteins were phosphorylated by Adi3 (S8C Fig). The Pti5S16A mutant was tested for a

loss of phosphorylation by Adi3, but there was no difference in the phosphorylation level of

Pti5S16A as compared to Pti5WT (S8D Fig), indicating Adi3 phosphorylates Pti5 at one of the

14 other Ser residues or possibly one of the 6 Thr residues.

Identification of the RPB2 residues phosphorylated by Adi3

Alignment of the phosphorylated Ser peptides that matched RPB2 identified Ser 102 in D1,

Ser507 in D2, and Ser 679 in D3 as potential Adi3 phosphorylation sites based on the central

Ser in the phosphorylated peptides (Fig 5A; S7A and S7B Fig). In the RPB2 D1 and D3 regions

aligning to the peptides additional Thr residues are found that could be phosphorylated by

Adi3; Thr100 in D1, and Thr675 and Thr676 in D3 (Fig 5A; S7A and S7B Fig). Thus, these Ser

and Thr amino acids were mutated to Ala individually and in combinations, and the proteins

tested for loss of phosphorylation by Adi3 using in vitro kinase assays. Since RPB2 D2 was not

expressible in E. coli and phosphorylation of D4 was not seen (Fig 5B, lane 7), only the RPB2

D1 Thr100/Ser102 and the D3 Thr675/676 and Ser679 Ala mutants were tested for loss of

Adi3-mediatd phosphorylation. When the RPB2 D1T100A/S102A protein was tested in in vitro
kinase assays, Adi3 showed kinase activity on D1T100A/S102A similar to D1WT (S9 Fig, lanes 4,

5), suggesting Adi3 does not phosphorylate either of these residues or additional Ser or Thr

residues are phosphorylated in addition to Thr100 and Ser102. Phosphorylation of the

D3T675A, D3T676A, and D3S679A mutants by Adi3 showed that the D3T675A and D3T676A

mutants, but not D3S679A, had reduced phosphorylation levels compared to D3WT (Fig 5C,

lanes 3, 4, 5, 6). This suggests Thr675 and Thr676 are Adi3 phosphorylation sites on RPB2.

However, neither of the D3T675A or D3T676A mutants completely eliminated phosphorylation

by Adi3, indicating there are additional Adi3 phosphorylation sites on RPB2. Interestingly,

when Adi3 was tested for phosphorylation activity against combinations of RPB2 D3 T675A,

T676A, and S679A double and triple mutants, Adi3 showed a reduction in D3 phosphoryla-

tion, but also a reduction in Adi3 autophosphorylation activity compared to incubation with

the RPB2 D3WT or D3 single mutants (Fig 5C, lanes 7, 8, 9, 10).

Discussion

Adi3 has promiscuous kinase activity

In the peptide microarray analysis, Adi3, as a Ser/Thr protein kinase showed promiscuous

kinase activity toward diverse Ser and Thr peptide sequences (Fig 2A, S3 Fig, S1 Dataset).

However, more of the Ser peptides were phosphorylated, 22.5% of all Ser peptides, as com-

pared to the Thr peptides, 8.3% of the Thr peptides (S2 Fig). These results may suggest Adi3

has a wide range of in vivo phosphorylation substrates, which is comparable to mammalian

PKB. We have shown that Adi3 is a functional homologue to PKB [18–21, 23, 24, 28, 34] as

both of these Ser/Thr protein kinases function in the suppression of PCD. Since PKB was first
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discovered [35], about 300 substrates of PKB have been reported to date [36]. PKB directly

phosphorylates multiple targets involved in diverse cellular functions such as cell proliferation,

growth, and survival including PCD regulation, transcription, and glucose metabolism [37–

39]. Due to the diversity in PKB substrates, an authentic PKB phosphorylation consensus

motif is not well defined. Nevertheless, a primary PKB recognition motif of R-X-R-X-X-S/T-Ф
for phosphorylation has been determined [4], where X represents any amino acid and Ф
denotes hydrophobic residues containing a large side chain such as Phe and Trp.

Similarly, in this study since Adi3 phosphorylated a large number of peptides a clear phos-

phorylation consensus sequence could not be identified. But, several important preferences

can be identified for Adi3 phosphorylation sites. When considering the top 63 phosphorylated

Ser peptides in a position-independent manner, Adi3 showed preference for peptides contain-

ing large hydrophobic amino acids such as Trp, Tyr, and Leu and to a lesser extent Pro, Val,

and Phe, while the positively charged residues Arg and Lys were not favored (Fig 3A). Interest-

ingly, when considering the position-dependent analysis the positively charged amino acid His

was frequently found in the sequence of the top 10 phosphorylated peptides (Fig 3C). In the

position-dependent analysis for the top 10 phosphorylated Thr peptides, several Tyr residues

were conserved downstream of the central Thr, and Trp was conserved upstream of the Thr

residue (Fig 3D). Taken together, Adi3 showed preference for aromatic and cyclic amino acids

in both Ser and Thr phosphorylated peptides, however, due to the promiscuous activity of

Adi3 for diverse peptides, a bona fide phosphorylation motif was not identified, similar to

PKB.

Putative nuclear substrates for Adi3

Despite the significant role of Adi3 in suppression of plant programmed cell death, little is

known about its downstream substrates. To understand a mechanism of Adi3 CDS in the

nucleus, several approaches have been attempted to screen for Adi3 phosphorylation sub-

strates [20, 21, 24, 34]. However, Gal83, identified indirectly through a yeast two-hybrid

screen, is the only validated Adi3 phosphorylation substrate [20]. This yeast two-hybrid screen

identified other Adi3 interactors that are not phosphorylation substrates, such as the E3 ubi-

quitin ligase AdBiL [21] and the autophagy protein Atg8h [34].

In the studies presented here, the 2nd largest subunit of RNA polymerase II, RPB2, was

identified as a potential Adi3 phosphorylation substrate by three different phosphorylated pep-

tides from the Ser-peptide microarray, the 48th, 62nd, and 139th peptides (Fig 5A), and we

showed Adi3 can phosphorylate RPB2 on Thr675 and Thr676 (Fig 5B and 5C). In these kinase

assays we noticed the RPB2 D3 double and triple Ala mutations of the possible phosphoryla-

tion sites had a negative effect on Adi3 autophosphorylation as well as trans-phosphorylation

(Fig 5C). This alteration in Adi3 phosphorylation activity may be explained by the RPB2 D3

double and triple Ala mutants causing a conformational change, which alters interaction with

Adi3 and consequently compromises Adi3 auto- and trans-phosphorylation activity. It has

been reported that a mutated substrate can affect the autophosphorylation activity of its pro-

tein kinase [40]. In mammals, protein kinase R (PKR) phosphorylates eukaryotic translation

initiation factor 2α (eIF2α) on Ser51 [40, 41]. In an effort to understand the function in PKR-

mediated phosphorylation of the eIF2α flexible loop containing Ser51, various eIF2α Ala

mutants were generated at and immediately upstream and downstream of the Ser51 site for

analysis of PKR phosphorylation. In the presence of both the eIF2αS51A and the upstream and

downstream Ala mutants PKR showed alterations in autophosphorylation levels while the

eIF2α mutants were not phosphorylated or had reduced PKR phosphorylation levels [40]. This
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suggests alterations in kinase autophosphorylation in the presence of mutated substrates may

be a wider phenomenon.

Phosphorylation of RPB2 Thr675 and Thr676 by Adi3 is well supported since the single Ala

mutants for these residues showed a decrease in Adi3 phosphorylation without a loss in Adi3

autophosphorylation (Fig 5C). Interestingly, while these data (Fig 2D; S2A and S2B Fig) and

past studies [20] show Adi3 favors phosphorylation on Ser residues, Thr phosphorylation on

RPB2 by Adi3 was identified. Thus, future studies should not discount the possibility of Thr

substrate phosphorylation by Adi3.

In eukaryotes, the RNA polymerase II (RPB) complex is responsible for transcription of

mRNA from protein-coding genes as well as small RNAs, and the complex consists of 10 to 14

subunits [42, 43]. Of these subunits, RPB2 is the most highly conserved among eukaryotic spe-

cies [44], and in humans, RPB2 is dispensable for transcription initiation and elongation steps

[45]. Recently, in yeast (Saccharomyces cerevisiae), it has been demonstrated that RPB2 regu-

lates termination of transcription via polyadenylation [46–48]. Furthermore, a function for

RPB2 in plant developmental processes was recently reported [49].

Phosphorylation plays a role in the regulation of the RPB complex [50]. RPB contains hep-

tapeptide repeats of Y-S-P-T-S-P-S on the carboxyl-terminal domain (CTD) of the largest sub-

unit RPB1 [51]. Alterations in the phosphorylation levels of the heptapeptide repeat control

the RPB transcription cycle and recruits other accessory proteins required for the elongation

and termination phases [52, 53]. Studies on phosphorylation-mediated regulation of other

RPB subunits have not been reported to date, although RPB2 and RPB4 phosphorylation

events were confirmed in extracts of 32P-labelled yeast cells [54]. Based on these studies and

our Adi3 phosphorylation results, we suggest it may be necessary to analyze a function for

phosphorylation events on RPB2. Particularly, the in vivo phosphorylation of RPB2 by Adi3

and a possible function for this event will need to be confirmed in the future.

In the interaction between the host tomato and the Pst pathogen, the tomato Pto kinase is a

resistance protein [55] which, in concert with the Prf nucleotide-binding leucine-rich repeat

protein [56], specifically recognizes and forms a complex with the Pst-derived effector protein

AvrPto [57] in order to initiate a host resistance response to Pst [58]. In an effort to compre-

hend Pto-mediated host defense against Pst, several Pto-interacting (Pti) proteins were previ-

ously isolated and characterized [59, 60]. Pti5 is an ethylene response element-binding

protein-like transcription factor [61]. Formation of the AvrPto/Pto complex enhances Pti5

expression, which consequentially stimulates expression of pathogen-induced genes such as,

GluB and catalase encoding β-1,3-glucanases and catalase, respectively [62]. Therefore, Pti5 is

responsible for positive regulation for plant defense responses.

Despite the role of Pti5 in host disease resistance, regulatory mechanisms controlling Pti5

function, particularly the possibility of phosphorylation, has not been determined. Our current

studies may suggest Adi3-mediated Pti5 regulation via a phosphorylation event. Given that in

the absence of Pst Adi3 functions in the nucleus to suppress PCD [19, 23], Adi3 phosphoryla-

tion may inhibit Pti5 function. In the defense response to Pst, Adi3 interacts with the Pto/

AvrPto complex preventing Adi3 nuclear entry leading to a loss of Adi3 CDS [23]. This may

prevent Adi3 phosphorylation of Pti5 and possibly activate Pti5 to stimulate expression of

defense-related genes to regulate Pst infection. However, to support this hypothesis the identi-

fication of the Adi3 phosphorylated residue(s) on Pti5 and its effect on Pti5 activity is required.

In conclusion, the diverse phosphorylated peptides identified by microarray peptide phos-

phorylation analysis were utilized to profile substrates of the Adi3 kinase. Furthermore, the

potential Adi3 phosphorylation candidates found in this study may provide a starting point to

understand the mechanism for Adi3 CDS as well as other cellular functions.
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